Ginger (Zingiber officinale Roscoe) is an economically important plant, valued all over the world. The existing variation among 16 promising cultivars as observed through differential rhizome yield (181.9 to 477.3 g) was proved to have a genetic basis using different genetic markers such as karyotype, 4C nuclear DNA content and random amplified polymorphic DNA (RAPD). The karyotypic analysis revealed a differential distribution of A, B, C, D and E type of chromosomes among different cultivars as represented by different karyotype formulas. A significant variation of 4C DNA content was recorded in ginger at an intraspecific level with values ranging from 17.1 to 24.3 pg. RAPD analysis revealed a differential polymorphism of DNA showing a number of polymorphic bands ranging from 26 to 70 among 16 cultivars. The RAPD primers OPC02, OPA02, OPD20 and OPN06 showing strong resolving power were able to distinguish all 16 cultivars. The extent of genetic diversity among these cultivars was computed through parameters of gene diversity, sum of allele numbers per locus and Shannon's information indices. Cluster analysis, Nei's genetic similarity and genetic distances, distribution of cultivars into special distance classes and principal coordinate analysis and the analysis of molecular variance suggested a conspicuous genetic diversity among different cultivars studied. The genetic variation thus detected among promising cultivars of ginger has significance for ginger improvement programs.
Introduction
Zingiber officinale is rich in secondary metabolites such as oleoresin. It possesses an unique combination of properties like anti-inflammatory, aphrodisiac, antioxidant and antibacterial activity (Mohanty and Panda, 1994) . It is cultivated for the underground rhizomes which are used for culinary and drug preparation. Ginger is best known for its ability to lessen the nausea and vomiting associated with motion sickness and hypermesis gravidarum. Ancient physicians used ginger as a carminative and anti-fermenting medicine. Ginger is believed to be originated in India and was introduced in China at a very early date. Although ginger is an asexually propagated crop, it displays great morphological diversity. Until recently, several promising cultivars released formally are characterized on the basis of morphological and biochemical data, oleoresin content and yield potential. However these characters differ under var-0939Ð5075/2005/0500Ð0485 $ 06.00 " 2005 Verlag der Zeitschrift für Naturforschung, Tübingen · http://www.znaturforsch.com · D ying environmental conditions making characterization of different ginger cultivars a complicated task. In addition to this practical concern the continued release of new cultivars makes the development of new techniques for genetic purity determination even more essential. Due to resurgence of interest in the commercial development of different cultivars of ginger as new spice crops, it has become necessary to precisely characterize the genetic diversity that exists in cultivars, advanced selections and native population. This is one step towards providing accurate genetic information for future breeding and germplasm collection efforts (Huang et al., 2000) . Unlike morphological markers, cytological (chromosome number, karyotype, nuclear DNA content) and molecular markers (RAPD) are not prone to environmental influences and accurately characterize the plants portraying the extent of genetic diversity among taxa (Bennett and Smith, 1991; Rodriguez et al., 1999; Das et al., 2001 ).
In the past decade, DNA polymorphism has become the marker of choice for the identification and characterization of plants. It is a relatively reliable, generally applicable method to obtain large samples of markers from any species of plant. However, each marker system samples a different fraction of the genomes and therefore has a different resolving power, range of applicability and probability of homology. The random amplified polymorphic DNA (RAPD) technique has been widely used in cultivar identification programs (Schnell et al., 1995) and in assessing genetic variation of plant species at the DNA level, because of its cost effectiveness and simple operation without requiring a prior knowledge of species DNA sequences (Williams et al., 1990; Frankel et al., 1995) . RAPDs reveal similar patterns of genetic diversity when compared with other marker types (Aagaard et al., 1998) and can be performed more rapidly than most other methods (Morell et al., 1995) . RAPDs tend to provide more diagnostic population race and species specific markers. RAPD analysis has been successfully used for clarification of the phytogeographical questions (Friesen and Blattner, 2000) .
The objectives of this study were to (1) fingerprint ginger cultivars for identification and (2) detect the genetic diversity and relatedness of 16 cultivars sampled from different geographical regions using karyotypic analysis, 4C DNA content and RAPD analysis. In this study, many analytical procedures such as a n-j method, bootstrapping, spatial genetic structure analysis (SGS), and analysis of molecular variance (AMOVA) have been widely used to derive genetic distances among cultivars and to assess the structure of genetic data in a reduced dimensional space.
Materials and Methods

Plant materials
Sixteen promising cultivars of ginger (Zingiber officinale) were included in the present study which were collected from the turmeric germplasm collection of the Orissa University of Agriculture and Techology (OUAT), Bhubaneswar, Orissa, India. These cultivars were initially collected from different parts of India (Table I) and were grown in clonal repositories. The cultivars were selected by one or more of the following criteria: agronomic performance, current production acreage and historical significance. The rhizomes were planted in the field during May and were harvested after 8 months, i.e during January. The mean rhizome yield per plant was calculated taking the average of 3 clumps during harvest.
Karyotype analysis
Young and healthy root-tips of different cultivars of ginger were pre-treated in a (0.02 m) hydroxyquinoline mixture (1:1) for 3.5 h at 14 ∞C followed by overnight fixation in propionic ethanol. Chromosome staining was made in 2% lacto propionic orcin after cold hydrolysis in 5 n HCl for 7 min. Root-tips were squashed in 45% propionic acid. Ten well scattered metaphase plates were selected for karyotype analysis of each species. The chromosome morphology was determined following the method of Das et al. (1998) .
4C DNA content
For Feulgen cytophotometric estimation of 4C DNA, ten fixed root-tips from each cultivar (2n = 22 chromosomes) were hydrolysed in 1 n HCl for 12 min at 60 ∞C, washed in distilled water and stained in Schiff's reagent for 2 h at 14 ∞C; each root-tip squash was prepared in 75% acetic acid. Ten scorings were made from each slide and the 4C DNA content was estimated from metaphase chromosomes using a NIKON Optiphot microscope with a microspectrophotometer following the method of Sharma and Sharma (1980) with monochromatic light at 550 nm. In situ DNA values were obtained on the basis of optical density measurements which were converted to picograms (pg) using Vant Hoff's 4C nuclear DNA value (67.1 pg) for Allium cepa as standard (Das et al., 1998) . ANOVA were performed among the nuclear DNA values to find out the differences at cultivar level.
Isolation of DNA
Total plant DNA was isolated from fresh and young leaves. The leaves were harvested freshly and washed thoroughly with cold autoclaved distilled water and then blotted to dry. About 2 g leaf was excised from the upper tip portion of the buds. DNA extraction was done on the day of collection.
The genomic DNA was isolated following the protocol of Doyle and Doyle (1990) with a little modification. Insoluble poly(vinylpyrrolidone) was added to the leaf tissue prior to grinding. The crude DNA was purified with RNase A (@ 60 µg ml Ð1 of DNA solution) followed by washing with purified chloroform/isoamylalcohol (24:1). To test the quality and quantity of the purified DNA, the samples were electrophoresed in a 0.8% agarose gel along with a known amount of uncut lambda DNA (Bangalore Genei Pvt. Ltd, Bangalore, India) as standard. The sample DNA was diluted as 25 ng µl Ð1 for RAPD-PCR analysis.
RAPD amplification
Twenty random decamer primers (Operon Tech., USA) from A, C, D and N series (OPA02, 03, 04, 08, 16; OPAF14; OPC02, 05; OPD03, 07, 08, 18, 20; and OPN02, 03, 04, 06, 07, 10, 12) were used for RAPD analysis. RAPD assays were performed in a final volume of 25 µl containing 10 mm Tris-HCl [tris(hydroxymethyl)aminomethane], pH 9.0, 1.5 mm MgCl 2 , 50 mm KCl and 0.01% gelatin, 200 µm of each dNTPs, 0.4 µm primer, 25 ng template DNA and 0.5 unit of Taq DNA polymerase (Bangalore Genei, Bangalore, India). The RAPD analysis was performed as per the methodology described by Williams et al. (1990) using a Gene Cycler (Bio Rad, USA). The first cycle consisted of denaturation of template DNA at 94 ∞C for 5 min, primer annealing at 37 ∞C for 1 min and primer extension at 72 ∞C for 2 min. In the next 42 cycles the period of denaturation was reduced to 1 min at 92 ∞C while the primer annealing and primer extension time remained the same as in the first cycle. The last cycle consisted of only primer extension (72 ∞C) for 7 min. The reactions ended with an indefinite hold at 4 ∞C.
The amplification products were electrophoresed in 1.5% agarose gel containing ethidium bromide (@ 0.5 µg ml Ð1 ) in TAE buffer (40 mm Tris base, 20 mm sodium acetate, 20 mm EDTA, glacial acetic acid to pH 7.2) for 3 h at 60 V. A total of 2.5 µl loading buffer (1.0 X TAE, 50% glycerol, 0.25% bromophenol blue and 0.25% xylene cyanol) was added to each reaction before electrophoresis. After electrophoresis, the gels were observed under an UV-transilluminator, documented in Gel-Doc 2000 (Bio-Rad) and photographed.
Resolving power
According to Prevost and Wilkinson (1999) the resolving power (Rp) of a primer is: Rp = Σ IB, where IB (band informativeness) takes the value of: 1-[2 ¥ (0.5 Ð p)], p being the proportion of the 16 genotypes (ginger cultivars analyzed) containing the band.
Data collection and analysis
The relatedness of DNA samples was assessed by comparing RAPD fragments of DNA separated according to their sizes and the presence/absence of shared fragments. The banding patterns obtained from RAPD were scored as present (1) or absent (0). Jaccard's coefficient similarity was measured and a dendrogram based on similarity coefficients generated by the n-j method was obtained. POPGENE software was used to calculate Nei's unbiased genetic distance among different species with all markers, including monomorphic markers. Nei's unbiased genetic distance is an accurate estimate of the number of gene differences per locus when populations are small. Species diversity (Hs) and total gene diversity (Ht) (Nei, 1973) were calculated within the species and within five major groups (as per their collection site) by POPGENE software. The RAPD data were subjected to a hierarchical analysis of molecular variance (AMOVA) as described by Excoffier et al. (1992) using ARLEQUIN 2.00 (Schneider et al., 2001) .
Results and Discussion
Rhizome yield
The rhizome yield per plant of 16 cultivars of ginger varied significantly from 181.9 g in Singhaghara to 477.3 g in Gorubathaney after first harvest (Table I ). The existing variations among the ginger cultivars quantified through rhizome yield were proved to have a genetic basis as revealed by different karyotype formula, differential DNA content and DNA polymorphism using RAPD markers.
Karyotype analysis and 4C DNA content
The chromosome number of all cultivars comprised 2n = 22 chromosomes whereas the karyotype formula revealed differences in the chromosome structure (Table I) . Similar results with differential karyotype were also obtained in 7 cultivars of ginger by Das et al. (1998) . Structural changes might have played a vital role in inducing differences at cultivar level (Das et al., 1998) . All the types of chromosomes such as A, B, C, D and E were found in the genome of the cultivar Gorubathaney.
The 4C nuclear DNA content of all 16 promising cultivars is mentioned in Table I . The 4C DNA Das et al., 1998) . Although the 16 cultivars studied comprised a constant chromosome number (2n = 22) the DNA amount differed significantly and the differences in the DNA content depend on the repetitive DNA amount (Flavell et al., 1977) . The variability in the DNA content in different cultivars might be attributed to the loss or addition of many repeats in the genomes through alterations in the micro-and macro-environment during evolution in the selection of new cultivars (Price et al., 1980; Das et al., 1998) . The variability of DNA amount could be attributed to the loss or addition of highly repetitive DNA sequences rather than AT or GC-rich sequences in a genome (Martel 
RAPD marker size and patterns
The RAPD technique has been successfully used in a variety of taxonomic and genetic diversity studies (Rodriguez et al., 1999) and was found by us to be suitable for use with ginger cultivars in its ability to generate reproducibly polymorphic markers. The need for preservation of genetic resources of ginger creates an incentive for the determination of the genetic variability present in it. A total of 16 cultivars was fingerprinted using 20 RAPD markers. 145 (an average of 7.25 bands per primer) RAPD loci were scored out of which 101 (69.66%) were polymorphic and only 44 (30.34%) were monomorphic bands. Out of 44 monomorphic bands 7 (15.91%) fragments were cultivar specific fragments. The number of amplification fragments produced per primer as well as their size range were analytically appropriate, conforming to those recorded with certain other plants examined analogously (Ho et al., 1997) . The observed high proportion of polymorphic loci suggests that there is a profound intraspecific variation existing among the ginger cultivars. The most responsive primers (in terms of number of amplification products and/or responding genotypes) are listed in Table II . Three to 14 types of amplification fragments (monomorphic + polymorphic) were produced by each primer in different cultivars. The resolving power of the 20 RAPD primers ranged from 4.75 for primer OPAF14 to 16.125 for primer OPN06. Besides its high resolving power value, RAPD primer OPN06 is able to distinguish all 16 ginger cultivars.
Dendrogram obtained with RAPD markers
The dendrogram obtained using the similarity matrix coefficient presents two main clusters (A and B) with 12 and 4 cultivars (Fig. 1) . Cluster A has two subclusters (A1 and A2), having 3 and 7 cultivars. The cultivars S558 and Phiringia shared a different node under cluster A. No clear clustering of the cultivars was found according to their geographical region. The relative closeness of the different cultivars is revealed in Table III . The minimum distance was found to be in between S547 and Singhaghara (0.078) and the maximum distance was in between S666 and Phiringia (0.315).
Genetic identity and diversity analysis
A relatively high genetic variation was detected among the ginger cultivars. The values of genetic similarities ranged from 0.5379 between S666 and Suruchi to a maximum of 0.9379 between S547 and Singhaghara and the genetic distances ranged from 0.0641 between Singhaghara and S547 to 0.6200 between Suruchi and S666. A wide genetic variation between cultivars of ginger was evident from the high number of polymorphic markers and unique bands, even though the survey was lim- ited by the small number of cultivars available. The number of polymorphic markers varied in between 26 (in S666) to a maximum of 70 (in Suruchi) ( Table I ). The total number of polymorphic loci is 101, thereby giving an estimate of profound (> 69.55%) polymorphism. On an all-genotype basis, the observed number of alleles was 1.682 and the effective number of alleles was found to be 1.348 per locus. Similarly the total gene diversity (Ht) among cultivars was 0.213 and within cultivars (Hs) 0.153. Shannon's information index was 0.327 and the estimated gene flow was found to be 1.290 among 16 cultivars (Table IV) . The number of significant (p < 0.05) linkage disequilibria (LD) is 6860 across the cultivars. Whereas, gene diversity computed among different groups of cultivars was recorded in between 0.079 to 0.196 (Table V) . The effective number of alleles varied from 0.320 to 1.348 across the cultivars collected from different regions. The same order of genetic heterogeneity was discerned through Shannon's information index, which varied from 0.110 to 0.283. Further, the observed polymorphism across the cultivars collected from different regions was found to be in between 15.86 to a maximum of 54.31 and presents the estimation of genetic variability among the cultivars. AMOVA analysis revealed 0.45% differences among populations.
Spatial and genetic structure of genotypes
The Mantel test results gave an r-value of 0.125 (p = 0.873, for 1000 randomizations), indicating that there is a strong isolation-by-distance effect present among the populations. However, on further investigation using spatial autocorrelation analysis, this relationship is not of a linear nature. The correlogram shows a sharp, non-linear decline in r across a short geographical distance, with r positive and significant at 1, 2, 4, 13 and 14 km and an x-intercept at 3, 5, 12 and 15 km. Beyond this point, the relationship remains nonsignificant.
Principle component analysis provides a field representation of the variability in a 2D or 3D set of axes. It is a very useful analysis for inspecting visually the similarity of samples since dissimilar samples will appear to be further apart than highly similar samples. No specific clustering of the 16 cultivars was observed indicating a wide genetic variation among themselves. In this study we have identified 101 polymorphic bands and only 44 monomorphic bands across all genotypes tested. Polymorphism detection efficiency among promising ginger cultivars by RAPDs compared favorably with other available marker systems. The number of polymorphic loci per assay is important for cultivar identification. Finding of wide genetic distances reveals relatively high genetic variation among the 16 cultivars. The considerable polymorphism detected in this study also illustrated that it is possible to find genetic divergence among ginger cultivars of the same origin. This result is supported by Sera et al. (2003) among coffee cultivars. Further the high levels of allelic diversity of RAPD markers observed in this study probably were associated with the extensive range of genetic diversity represented in the panel of ginger genotypes. This result was similar to that of Agrama and Tuinstra (2003) among sorghum cultivars. These studies indicate that RAPD markers provide a more reliable method than morphological characters to identify closely related turmeric cultivars. The large difference in gene diversity among cultivars reveals the presence of strong genetic structure between them and thus significant differences exist in the genotypic diversity among themselves. Some variability could, however, be due to the different environmental conditions experienced by the cultivar. Further studies addressing this point directly are required before any robust hypothesis can be formulated, however.
